The influence of the coherent artifact in a semiconductor Ga-doped ZnO film on femtosecond pump-probe measurement is studied. The coherent artifact mixed into the pump-probe signal can be directly inspected by detecting the background-free first-order diffraction signal induced by the interference between the pump and probe pulses. Experimental results show that by varying the polarization angle or adjusting the relative intensity between the pump and probe pulses, the coherent artifact can be eliminated from the pump-probe measurement.
The degenerate pump-probe technique has been applied to time-resolved measurements over the past decades. [1−9] Observing ground-state bleaching and excited-state absorption or stimulated emission through transient absorption experiments is widely applied in investigations of the carrier dynamic process of organic materials, semiconductors and other materials. [10, 11] During the degenerate pump-probe process, however, the coherent artifact can be easily formed around zero delay time between the pump and probe pulses. [12, 13] This phenomenon is explained by the diffraction from a transient grating induced by interference between the pump and probe beams. [14−17] When the pump and probe pulses are temporally overlapped, the interference between the pump and probe pulses leads to a transient refractive-index grating due to the nonlinear effect in non-resonance materials. [18−20] In a resonance material, the interference pattern of two coherent pulses can generate a periodic spatial distribution of the carrier concentration. [21−23] This spatial periodicity of the free electrons and holes causes a similar periodic perturbation in the refractive index. [24] The two kinds of grating described above lead to a diffraction of the pump beam into the probe beam. [25, 26] Indeed, this coherent artifact can be found in most time-resolved degenerate pump-probe experiments. Experimentally, the diffraction signal of the pump beam mixed into the probe beam is overlapped with the pump-probe trace, which disturbs the analysis of relaxation dynamics to determine the amplitude of the signal and relaxation. [18,27−30] In this Letter, the influence of the coherent artifact on femtosecond pump-probe measurement is studied in semiconductor Ga-doped ZnO film. The coherent artifact mixed into the pump-probe signal can be directly inspected by detecting the background-free first-order diffraction signal induced by the interference between the pump and probe pulses. Experimental results show that by varying the polarization angle or adjusting the relative intensity between the pump and probe pulses, the coherent artifact can be eliminated from the pump-probe measurement.
The ZnO:Ga film was fabricated by radiofrequency (rf, 13.56 MHz) magnetron sputtering technique. The target for the rf magnetron sputtering process is prepared by cold pressing and subsequent sintering of a mixture of ZnO and Ga 2 O 3 powders (both 5N) with a 95:5 molar ratio of Zn:Ga in a oxygen atmosphere at 1050 ∘ C for 12 h. The process chamber was a custombuilt rf magnetron sputtering chamber with a base pressure of 6.67×10 −5 Pa. A ZnO:Ga target was used for sputtering with a flux ratio of Ar:O 2 =3:1, the rf power was 150 W. The distance between the substrate and target was 12 cm. The deposition rate was about 22 nm/min (the rf power was 150 W). The double smoothed sapphire substrate was degreased both in acetone and in methanol, each for 10 min at room temperature, then etched in HF for 1-2 s, followed by rinsing in deionized water and drying with a 5N nitrogen. After a thermal cleaning of the sapphire substrate at 600 ∘ C, a 100-nm-thick ZnO:Ga buffer layer was deposited at the rf power of 100 W on a double smoothed and cleaned sapphire substrate. The buffer layer sputtering was carried out at room temperature. The multi-pass amplified Ti:sapphire laser emitting 30 fs, 800 nm laser pulses at a repetition rate of 1 kHz was split into two beams. One was served as the probe beam and focused into a ZnO:Ga film with thickness 2 µm by a 10-cm focal-length lens. The other (pump beam) passed through a time-delay device and a /2 plate to control the path length and polarization of the pump beam, respectively. Both beams were focused by lenses before passing through the ZnO:Ga film. The centers of the pump and the probe beams spatially overlapped at the ZnO:Ga film at an angle of 12 ∘ . The probe beam was focused into the photomultiplier tube (PMT) while the first diffracted order of the pump beam was collected into another PMT. An infrared filter was used to remove the luminescence at about 395 nm on the ZnO:Ga film mixed in the detected beam. As the time-delay device moves, the two temporal signals can be simultaneously detected.
The pump and probe pulses form the transient grating induced by two-photon absorption of two interfering optical beams in the ZnO:Ga film.
[31] The pump and probe beams were simultaneously diffracted by this transient grating. The diffraction geometry is shown in Fig. 1(a) . Figure 1(b) shows the diffraction patterns imaged by a CCD with the power of both pump and probe beams fixed at 7 mW. From Fig. 1(b) , the multi-order diffraction patterns can be clearly observed. The multi-order diffraction patterns are distributed symmetrically on both sides of the pump and probe beams in space. The minus first-order diffraction of the pump beam, which is mixed into the probe beam, is located in the mirror direction of the first order diffraction. The detection on the first-order diffraction of the pump beam, which is different from the transmitted direction of the probe beam, may be more direct and convenient to present the existence of the coherent artifact. When the probe power decreases down to 1 mW, only the first-order diffraction of the pump beam can be seen, as shown in Fig. 1(c) . The minus first-order diffraction of the pump beam is always mixed into the probe beam. To temporally investigate the relationship between the coherent artifact and the first-order diffraction of the pump beam, the time-resolved temporal profile of the first-order diffraction of the pump beam and the probe transmission were measured, in which the pump power and probe power were set at 7 mW and 1 mW, respectively. The results are shown in Fig. 2 . We can see the dramatic variation of the transmission around zero delay time, which can be attributed to the strong coherent artifact. The inset shows the enlarged map of the trace in the dashed rectangle. The full width at half maximum (FWHM) of the coherent artifact signal is 110 fs, which is the same as that of the incident pulse autocorrelation. Namely, the coherent artifact can be observed only in the temporal overlapping region of pump and probe pulses. The rising part of the pump-probe trace consists of three processes. The process within the first 1 ps corresponds to the free carrier absorption, which implies the cooling of the hot carriers to a quasi-thermal equilibrium with time constant 1 ps. The slow decay process with the time constant more than 9 ps appears after 3 ps, which is attributed to spontaneous emission. The process from 1 to 3 ps represents the electron-hole plasma (EHP) radiation recombination, in which the carrier concentration should be higher than the Mott transition density of about 10 18 cm −3 . [32] When the car-086602-2 rier concentration decreases below the Mott transition density, the slow decay process related to the spontaneous emission will be dominant. The result indicated by open circles in Fig. 2 shows the time-resolved profile of the first-order diffraction of the pump beam. The first-order diffraction of the pump beam temporally presents near the zero time delay, the FWHM is also 110 fs. The first-order diffraction of the pump beam disappears while the pump and probe pulses are slightly separated temporally. The coherent artifact appears simultaneously with the first-order diffraction of the pump beam at zero time delay. In a degenerate pump-probe configuration, the first-order diffraction of the pump beam is the mirror component of the minus first-order diffraction of the pump beam. They both have the same frequency but different directions. The influence of the coherent artifact can be discriminated by directly inspecting the background-free first-order diffraction of the pump beam.
Since the transient grating is induced by twophoton absorption of two interfering optical beams, the interference of the pump and probe pulses can be weakened drastically by decreasing the probe power. Figure 3(a) shows the dependence of the intensity of the first-order diffraction of the pump beam on the power of the probe beam, in which the polarization angle between the pump and probe beams is set at 0 ∘ . It indicates that the diffraction intensity increases with increasing probe power when the probe power is below 2 mW. The diffraction intensity approaches its saturation value when the probe power is increased to 2 mW. The experimental results described above indicate that the coherent artifact in the pump-probe measurements can be suppressed by a reduction of the power of the probe beam.
Further, we also measured the dependence of intensity of the first-order diffraction of the pump beam on the polarization angle between the pump and probe beams, and the results are shown in Fig. 3(b) . We can see that the dependence of the diffraction intensity on the polarization angle displays a periodic change. The change period of the diffraction intensity is . The diffraction intensity presents strongest as the polarization angle of the pump and probe beams is set at 0 ∘ or 180 ∘ , and the diffraction intensity becomes weakest as the polarization angle of the pump and probe beams is set at 90 ∘ or 270 ∘ . The diffraction intensity can be eliminated by setting the polarization angle of the pump and probe beams to be orthogonal. Figure 4 shows the time-resolved profile of the probe transmission. The polarization angle between the pump and probe beams is set at 0 ∘ and the pump power is set at 7 mW. The probe power is set at 1 mW and 0.2 mW, respectively. From the inset in Fig. 4 , we can see that the coherent artifact for the probe power of 0.2 mW is eliminated. Generally, the coherent artifact can be eliminated by setting the orthogonal polarization between the pump beam and probe beam according to the above description. However, orthogonal polarization configuration can not be used in pump-probe measurements such as the optical Kerr shutter. [18] Therefore, for optical Kerr shutter probepump experiments, the coherent artifact can be eliminated by reducing the probe-to-pump power ratio.
In summary, the influence of the coherent artifact on femtosecond pump-probe measurement has been studied in semiconductor Ga-doped ZnO film. The coherent artifact mixed into the pump-probe signal can 086602-3 be directly inspected by detecting the background-free first-order diffraction signal induced by the interference between the pump and probe pulses. Experimental results show that by varying the polarization angle or adjusting the relative intensity between the pump and probe pulses, the coherent artifact can be eliminated from the pump-probe measurement.
